by reducing the formation of pharmacologically active metabolites. 4 In Europe, drug information centres have been available to respond to health professionals' drug-related queries for many decades. [5] [6] [7] [8] The queries include concerns about adverse reactions, pregnancy issues and interactions. 7,9 From 1990 to 2012, the proportion of queries about interactions queries increased. 7 For these queries, several available sources of information can be used as a basis for the reply. 10 To the best of our knowledge, interaction queries posed to a drug information centre have not previously been characterized. Such analyses could provide valuable insights as they illustrate the need for interaction information from a clinical perspective. Indeed, many scientific publications on interactions are based on data from registers 11, 12 and therefore do not perfectly reflect the clinical context. Analysing interaction queries and replies can also contribute insights into the type of advice provided in specific cases versus that provided by general decision support systems.
The aim of this study was to describe healthcare professionals' queries about drug interactions to a drug information centre over 10 years, focusing on frequently queried drugs and the advice provided.
| METHODS
The study was conducted in accordance with the Basic & Clinical Pharmacology & Toxicology policy for experimental and clinical studies. 13 It was approved by the Regional Ethical Review Board in Gothenburg, Sweden (reference number: 524-18).
We extracted all queries on drug interactions posed in 2008-2017 to the drug information centre in Region Västra Götaland, in the south west of Sweden. This region has a population of 1.7 million (17% of the Swedish population), one university hospital, eight general hospitals and approximately 200 primary healthcare centres. The queries are received by a team of resident physicians, pharmacists and registered nurses, who search and compile the available evidence in a reply to the questioner, in close collaboration with a specialist in clinical pharmacology who countersigns the contents. When further clinical information is needed before a reply can be achieved, the questioner is contacted. All queries are handled according to a standard operating procedure, for example instructions on which sources to search for interaction queries.
From each interaction query, questioner characteristics were extracted, including profession, workplace and gender. We also recorded whether the query concerned a specific patient or patients in general and whether the query was posed prior to the initiation of treatment or during or after treatment. In addition, we recorded whether the reply was provided by phone or in writing.
We recorded the substances concerned in each query. If two specific substances in combination were queried, both were recorded. If the query concerned one substance in relation to a medication list, that substance and all on the specified list were recorded. The substances were categorized as (a) drugs licensed for use in Sweden, (b) drugs licensed for use in another country but not in Sweden, (c) herbal remedies, (d) dietary supplements, (e) food and (f) recreational drugs.
To relate drugs found most frequently in healthcare professionals' queries about drug interactions to the number of exposed patients, we extracted the number of patients in Region Västra Götaland who filled at least one prescription for substances appearing in 10 or more queries. For this purpose, we used publicly available data from the Swedish Prescribed Drug Register (SPDR). 14 This register covers all prescription drugs dispensed by any pharmacy in Sweden, 15 whereas over-the-counter drugs and drugs used in hospitals are not recorded. The public part of SPDR does not allow data to be aggregated over the years. Therefore, we used data from 2017 as an approximation of the extent of use.
To determine the value of the reply to the questioner, we assessed whether or not clinical advice was provided. For the purpose of this study, we also categorized all queries answered with advice in the following mutually exclusive groups: (a) Avoid-an increased risk of severe adverse events or reduced effects for ≥1 drug, (b) Adjust dose-the combination may require dose adjustments for ≥1 drug, (c) Separate intake-combined treatment is possible, but requires administration at separate times, via different administration routes, or a specific delay before changing to a new drug, (d) Vigilance-the combination requires active follow-up and monitoring of potential adverse reactions and/or laboratory samplings and (e) No problem-according to what is known, the combination is safe. These categories were chosen to reflect clinically relevant alternatives to handle drug interactions. Each query was categorized according to the most severe interaction identified as indicated by the order of the categories.
In queries with Avoid, Adjust dose or Separate intake advice, we also recorded whether the case had been subject to an action alert on the national open-access interaction database (Janusmed), 16 which is also integrated into electronic health record systems to support physicians' treatment decisions. Janusmed provides information about clinical consequences and general recommendations for identified interactions, including the underlying mechanism as well as the evidence. 17 The system allows many drugs to be entered in the same search, but the alerts concern only two drugs at a time and cover primarily PK interactions. In Janusmed, interactions are classified into one of four groups: A indicates a minor interaction without clinical relevance; B, an interaction where the clinical relevance is uncertain or varies; C, a clinically relevant interaction that can be handled by dose adjustments | 67 TUKUKINO aNd WaLLERSTEdT or separated intake; and D, a clinically relevant interaction and a recommendation to avoid the drug combination. 18 In the electronic health record system, C and D interactions are alerted. To determine to what extent the decision support system elicits alerts in relevant cases, we recorded whether an action alert, defined as a C or a D interaction, was elicited when the drugs in queries with Avoid/Adjust dose/Separate intake advice were entered (October/November 2018). If no alert at all was elicited, including A-D interactions, we recorded whether substances other than licensed drugs were involved and whether the drug information centre reply referred to PD or patient-related factors.
To learn which important substance combinations were most often queried, we recorded all combinations for substances occurring in 10 or more queries with at least one Avoid, Adjust dose or Separate intake piece of advice. For these combinations, we also extracted the Janusmed alerts (October/November 2018). For drug combinations with Avoid/Adjust dose/Separate intake advice where no alert at all, including A-D interactions, was elicited on Janusmed, we recorded the type of substances queried about as well as whether the drug information centre reply referred to PD or patient-related factors.
To understand the extent of the efforts required to achieve a reply, we recorded the sources cited, including (a) the Swedish National Formula, which is based on the text in the Summary of Product Characteristics, 19 (b) Janusmed, 17 (c) Stockley's Drug Interactions, 20 (d) Micromedex 21 and (e) scientific publications. We also recorded whether PK and/or PD considerations were discussed in the reply, based either on (a) general theoretical reasoning about aspects such as affiliated metabolism within the cytochrome P450 system or to QT prolongation or (b) publications where the specific interaction had been investigated in clinical studies or was reported in case reports.
| Statistics
We performed descriptive analyses using SPSS (IBM SPSS Statistics for Windows, version 24.0). To relate the number of queries to the extent of use of specific substances, we calculated a ratio between the number of queries in 2008-2017 and the number of individuals treated in 2017. Values are presented as counts (percentages), if not stated otherwise.
| RESULTS
During 2008 to 2017, a total of 4335 queries were posed to the regional drug information centre, 589 (14%) of which were categorized as interaction queries. Characteristics of the questioners, queries and replies are presented in Table 1 . Most queries originated from hospital care (n = 362, 61%) were posed by a physician (n = 534, 91%) and concerned a specific patient (n = 486, 83%) before the initiation of treatment (n = 446, 76%).
In the queries, 573 unique substances appeared, most frequently within the drug groups antidepressants (n = 201), antiepileptics (n = 121), antithrombotic agents (n = 110), antipsychotics (n = 96), lipid-modifying agents (n = 72) and antimetabolites (n = 65). A total of 326 (55%) queries concerned two substances, and 115 (20%) queries concerned five or more. The maximum number of substances in a single query was 25 (n = 1, 0.2%). All queries concerned at least one licensed drug, and 95 (16%) also concerned an unlicensed drug, a dietary supplement, a food, a herbal remedy or a recreational drug (Table 1) . Sertraline, warfarin, methotrexate, omeprazole and mirtazapine were the drugs most frequently asked about; however, queries about cyclophosphamide and rifampicine occurred most often in relation to the number of exposed patients ( Table 2 ).
| Advice at the query level
In all, 557 (95%) of 589 replies provided clinical advice. An explicit drug treatment action was suggested in 395 (71%) cases, concerning either specific prescribing matters (n = 159, 29%) or conducting active follow-up (n = 235, 42%). Of the 159 replies with Avoid/Adjust dose/Separate intake advice, 113 (71%) elicited an action alert when entered in Janusmed (Table 3 ). In contrast, 34 (21%) replies did not result in any alert at all, whereas an A or B alert was obtained in 12 (8%) cases. Some of the non-alerted queries included unlicensed drugs (n = 4) or dietary supplements (n = 3). Pharmacodynamic and patient-related aspects contributed to the advice in 23 and 32 non-alerted queries, respectively. The latter included aspects such as the presence of a disease requiring extra caution or the use of multiple drugs with potential additive interacting effects. Eight non-alerted replies did not include any PD or patient-related aspects.
The 32 (5%) replies lacking advice either merely forwarded information from another source, without any input from the drug information centre (n = 25), or did not provide advice with referral to the lack of scientific literature (n = 7).
| Advice at the drug combination level
The 27 substances asked about at least 10 times and the corresponding advice regarding specific combinations are presented in Table 4 . In all, 355 (60%) queries concerned at least one of these substances. In the replies, advice was provided for 996 substance combinations: Avoid (n = 107, 11%), Adjust dose (n = 79, 8%), Separate intake (n = 2, 0.2%), Vigilance (n = 288, 29%) and No problem (n = 520, 52%). Within the Avoid, Adjust dose and Separate intake pieces of advice, 20 (11%) substance combinations occurred more than once. Tamoxifen/fluoxetine and tamoxifen/paroxetine were the most common drug-drug interactions with Avoid recommendations, represented by responses to 5 and 4 queries, respectively.
When the 168 unique substance combinations resulting in Avoid/Adjust dose/Separate intake advice were entered in Janusmed, 123 (73%) elicited an action alert, 30 (18%) did not result in any alert at all, and an A or B alert was obtained in 15 (9%) cases. Some of the non-alerted combinations included an unlicensed drug (n = 1) or a dietary supplement (n = 3), and PD and patient-related aspects contributed to the advice in 9 and 16 cases, respectively.
The median number of sources cited in a reply was 4 (range 0-10). In 26 (4%) replies, the Swedish National Formula and/or Janusmed were the only sources cited. A total of 213 (36%) replies cited one or more scientific publications. Scientific publications on the PK or PD aspects of a specific substance combination were cited in 97 (16%) and 47 (8%) queries, respectively.
| DISCUSSION
Over 10 years, 589 queries on interactions, representing 14% of all queries, were posed to a drug information centre serving healthcare providers for a population of 1.7 million. The typical query concerned a specific patient in the hospital setting before the physician was about to initiate treatment. It is reassuring that almost all interaction queries resulted in clinical advice, as this is considered an important aspect of the perceived quality of written responses. 22 Seven in ten replies suggested an explicit action, regarding either specific prescribing matters, such as reducing/increasing doses and recommending alternative drugs, or conducting active follow-up, including monitoring potential adverse reactions and/ or laboratory results. The remaining three in ten replies stated that the combination was safe from adverse interactions.
One in seven of the drug information centre replies suggested that a combination should be avoided because of either increased risk of adverse reactions or reduced beneficial effects. When entered in Janusmed, three in four of these cases resulted in an action alert. Correspondingly, one in eight of the drug information centre's replies recommended dose Adjust dose 57 (10) Separate intake 17 (3) Vigilance 235 (42) No problem 163 (29) T A B L E 1 (Continued) | 69 TUKUKINO aNd WaLLERSTEdT adjustment or separated intake. When entered in Janusmed, two in three of these cases resulted in an action alert. The discrepancies between replies from the drug information centre and results obtained for the same substances entered in Janusmed suggest that such a system cannot be solely relied on. Indeed, this decision support focuses on PK interactions, and a substantial number of these replies concerned PD aspects. Further, as stated in Janusmed, the information provided is general and needs to be interpreted in the context of the specific patient, considering, for instance, medical history, age and renal function. Our finding that patient-related factors contributed in advice provided from the drug information centre support such an approach in prescribing. These findings accord with those found for the applicability of general indicators of prescribing quality. 23 They may also illustrate that pharmacotherapy is a complex art, where benefits must be weighed against risks according to the condition and preferences of the specific patient. An overemphasis on algorithms may make health care less patient-centred, and evidence-based guidelines often map poorly to complex multimorbidity. 24 Nevertheless, interaction alerts integrated into medical records may be valuable: the prescriber can directly assess whether an interaction alert is clinically relevant and needs to be acted upon for specific patients given their clinical condition and overall drug treatment. 17, 25 In 2018, Janusmed had information on 23 102 substance combinations. 16 Although the coverage of this database is impressive, our results illustrate that reliance solely on an alert tool may entail risks; one in five cases with Avoid/Adjust dose/Separate intake recommendations were not alerted at all. Indeed, studies on the clinical benefits of drug interaction alerts report various results. 9, 18, 26, 27 Therefore, although electronic decision support systems may facilitate clinical decision-making, it is essential that physicians also have adequate pharmacologic skills. Key learning outcome during medical school, including drug interactions in clinical pharmacology and therapeutics, has been proposed. 28 Increased pharmacological training may be necessary for physicians to acquire sufficient prescribing skills, and performing medication reviews during medical school may increase the reflection on drug interactions. 29 The educational value of responses from a drug information centre is illustrated by the included discussions on general PK and PD aspects. Continuing education after medical school is important, in particular as medical school may not provide all students with sufficient knowledge within pharmacotherapy. 30, 31 As the standard operating procedure of our drug information centre entails a literature search, our finding that PK/PD publications for specific combinations were seldom cited may illustrate the scarcity of such evidence. Therefore, appropriate theoretical reasoning, based on a comprehensive understanding of the complexity of PK/PD, is essential among prescribers. In recent years, replies of general interest from our centre have been entered in an established open database 32, 33 in order to disseminate drug information.
We were not surprised that sertraline, omeprazole and simvastatin were among the substances appearing most often in the drug interaction queries. These drugs are among the most frequently used in our region, as shown by the number of treated individuals. For the drugs most often queried about, combination use was usually considered safe or active follow-up was encouraged, illustrating that interactions may not be a major problem in most cases. Nevertheless, assurance about the absence of expected interactions has been shown to be valuable to prescribers. 34 Drugs well known to affect metabolizing enzymes within the cytochrome P450 family, including the inducers rifampicine and carbamazepine as well as the inhibitors fluconazole, terbinafine and bupropion, were among those often asked about. Other drugs frequently asked about were those with a narrow therapeutic window, for example warfarin, methotrexate, lithium, colchicine, tacrolimus, cyclosporine, cyclophosphamide and fluorouracil. 19, 35, 36 It has previously been shown that relatively few drugs account for the great majority of the drug-drug interactions, 37 and our results suggest that questioners are well informed about risk drugs, posing queries upon uncertainties. Tertiary sources are common in drug information centre replies regarding interaction queries. 38 In the present study, almost all replies cited sources other than the Swedish National Formula and Janusmed. Indeed, more than half of the replies cited Stockley's drug interactions and Micromedex, respectively, databases that include both PK and PD interactions but occasionally lack data on drugs which are relevant in the Swedish setting. These results suggest that queries are posed when physicians are making complex clinical decisions and readily accessible sources do not suffice; this supports previous arguments in favour of the role of a drug information centre. 9 Compared with standard drug interaction databases, more than half of clinically relevant drug interactions have been reported to be missing or insufficiently characterized in the Summary of Product Characteristics. 39 Our results suggest that interaction databases also have limitations regarding their applicability at the individual level. The challenges for drug information centres to provide decision support for individual patients have been discussed before. 9 Interestingly, non-licensed substances were included in one in six queries, illustrating the lack of easily accessible information in such cases. For example, eight in ten queries about colchicine were posed prior to its market authorization.
An important strength of this study is that it provides compiled information on interaction queries received by a drug information centre. Covering a 10-year period and almost 600 replies, the study contributes important insights on drug interaction issues in health care. A limitation of the study is that it includes queries posed to one drug information centre only. However, replies from such centres have been shown to be concordant, and the quality assessed as satisfactory to good, provided that they were countersigned, 40 which is standard procedure in our centre. Nevertheless, although our aim was to reflect clinical practice, it may be regarded as a limitation that the replies and advice were not validated. No interaction queries with an available reply were excluded, and the external validity of the results should therefore be acceptable. Another strength of the study is that it highlights the necessity of pharmacological understanding in the clinical context, given that relevant information was sometimes not obtained in an interaction database with general recommendations. Nevertheless, the number of Avoid/Adjust dose/Separate intake recommendations was quite low considering the years and therapeutic areas covered. Regarding the discrepancies found between the drug information centre advice and the Janusmed alerts, it must be acknowledged that the latter are revised over time, in response to emerging evidence. Therefore, the Janusmed alerts in 2018 may not be consistent with those provided in earlier years. Further, like other interaction databases, 20, 21 the Janusmed alerts concern only two drugs at a time, but in our study almost half of the queries involved interactions between more than two drugs.
| CONCLUSION
This study shows that drug interaction queries from healthcare professionals often concern specific patients. In most cases, the drug information centre recommends an explicit action in drug treatment, regarding either the prescribing per se or an active follow-up. Readily accessible decision support regarding drug interactions often provides action alerts when relevant, but cannot be solely relied on.
